We investigated the influence of genetic variants on atherosclerosis using whole exome sequencing in cases and controls from the autopsy study "Pathobiological Determinants of Atherosclerosis in Youth (PDAY)". We identified a PDAY case group with the highest total amounts of raised lesions (n = 359) for comparisons with a control group with no detectable raised lesions (n = 626). In addition to the standard exome capture, we included genome-wide proximal promoter regions that contain sequences that regulate gene expression. Our statistical analyses included single variant analysis for common variants (MAF > 0.01) and rare variant analysis for low frequency and rare variants (MAF < 0.05). In addition, we investigated known CAD genes previously identified by meta-analysis of GWAS studies. We did not identify individual common variants that reached exome-wide significance using single variant analysis. In analysis limited to 60 CAD genes, we detected strong associations with COL4A2/COL4A1 that also previously showed associations with myocardial infarction and arterial stiffness, as well as coronary artery calcification. Likewise, rare variant analysis did not identify genes that reached exomewide significance. Among the 60 CAD genes, the strongest association was with NBEAL1 that was also identified in gene-based analysis of whole exome sequencing for early onset myocardial infarction.
Despite these efforts, the identification of genes that influence CAD has remained elusive. A major reason is that clinical CAD is a heterogenous disease, resulting from many different pathophysiologic mechanisms. In addition, important subclinical measures of CAD like extent of atherosclerosis are difficult to measure in human populations. To address these problems, a multicenter autopsy study was established to provide direct measurements of atherosclerotic lesions called "Pathobiological Determinants of Youth (PDAY)". PDAY obtained arterial measurements of subclinical atherosclerosis in young persons (15-34 years of age) who died of external causes unrelated to heart disease (e.g., accidents, homicide, suicide). Results of PDAY studies directly demonstrated the atherogenic effects of exposure to risk factors such as elevated plasma levels of cholesterol and LDL levels, as well as smoking and hypertension 3 .
In this study, we are employing PDAY to find genetic variants that are associated with a quantitative measure of subclinical CAD, the involvement of arterial surfaces with complicated raised lesions. We selected a case group with the highest amounts of arterial raised lesions for comparisons with a control group with no detectable raised lesions. Our goal was to identify genetic variants that are enriched in the case group (risk alleles) or the control group (protective alleles). To identify genetic variants, we are using whole exome sequencing by isolation of protein coding regions from individual genomes, followed by next generation sequencing. While GWAS examines associations of relatively common genetic variants, whole exome sequencing can detect low frequency and rare variants that are specific to the study population and may have larger effects on disease phenotypes. A novel aspect of this whole exome sequencing study is the inclusion of genome-wide proximal promoter regions that contain sequence elements that regulate gene expression 4 .
In addition to using whole exome sequencing for variant discovery in PDAY, we were also interested in relating our results for subclinical CAD with other population-based genetic studies of clinical CAD. In particular, we compared our results with whole exome sequencing for early onset myocardial infarction (NIH Exome Sequencing Project) to provide replication of their results, and to identify genes that are unique to each study 5 . Likewise, we investigated known genes that have previously shown strong and replicable associations with CAD from GWAS studies 2 . These CAD-associated genes represent numerous physiological and molecular processes, including well known pathways such as lipoprotein transport and metabolism, as well as pathways that have not been previously implicated in CAD risk. Table 1 shows characteristics of 359 cases and 626 controls that were selected from the PDAY cohort to find genes harboring variations associated with atherosclerosis in young persons by whole exome sequencing. The cases had approximately 100-fold higher percentages of surface involvement in raised lesions across multiple arteries (total raised lesions) including thoracic and abdominal aorta, and coronary artery. Overall, African American and European American groups were similarly represented, but more males than females were included in the study reflecting the sampling history of the parent PDAY study.
Results

PDAY Subject Characteristics.
Whole exome sequencing Results. We used whole exome sequencing to identify genetic variants in coding regions of the genome that are associated with atherosclerotic raised lesions using a case/control study design. We also added proximal promoter regions across the genome that contain regulatory sequence elements 4 . Association tests for single variants were used for relatively common variants with minor allele frequencies greater than 0.01 (MAF > 0.01). These association tests used linear mixed-model regression with covariates including age, gender, race, sequencing platform, and the top three principal components. Figure 1 shows a Manhattan plot from the single-variant association tests, where the X-axis shows genetic variant positions across the chromosomes and the Y-axis shows the negative log of p-values so that higher values represent stronger significance levels. The horizontal red line shows the threshold value for exome-wide significance (p < 4.3 × 10 −7 ). Supplementary Figure 1 shows the quantile-quantile (Q-Q) plot for the single variant tests, demonstrating a good fit of the observed to expected significance values after applying the covariates. A well-calibrated Q-Q plot follows the diagonal line, while an inflated (off-diagonal) plot suggests either possible batch effect or population effects. These results shows that these effects were successfully controlled in our statistical analyses. Table 2 shows the 20 genes and variants that yielded the strongest associations, although none reached exome-wide significance (p < 4.4 × 10 −6 ). We also selected single variant association results for the variants in proximal promoter regions only (Q-Q plot in Supplementary Figure 2 ). We observed modest enrichments compared to the all variant results, suggesting possible functional contributions from promoter variants, but did not find any associations that met exome-wide significance. For low-frequency and rare variants with MAF < 0.05, we performed gene-based tests to assess contributions of rare variants within the same gene. In gene-based tests, variants residing in the same gene are grouped together to assess whether they are collectively associated with a phenotype. We used two commonly used methods for gene-based tests: a collapsing method (CMC) 6 and SKAT 7 . Supplementary Figure 3 shows Q-Q plots for each method using low frequency and rare variants with MAF < 0.05. Table 3 shows the 10 genes with the strongest associations using CMC and SKAT, but none reached exome-wide significance (p < 2.2 × 10 −6 ).
Results for CAD Genes Selected from GWAS.
To investigate whether genes that have previously shown consistent associations with coronary artery disease (CAD) are associated with atherosclerosis in young persons, we selected 60 genes from published meta-analysis of GWAS of CAD 2 . Figure 2 shows a Q-Q plot of 1,166 single variant tests (MAF > 0.01) from these 60 genes only. We identified one significant association with raised lesions for a variant (rs72657934) in the gene encoding alpha-2 subunit of type IV collagen (COL4A2) after correcting for multiple tests (p = 7.4 × 10 −6 that reached the Bonferroni significance threshold of 4.3 × 10 −5 ). Table 4 shows the 10 genes and variants that showed the strongest associations from the 60 known CAD genes. Figure 3 presents a regional plot from the whole exome sequencing results showing patterns of linkage disequilibrium in the region of chromosome 13 containing COL4A1 and COL4A2. The X-axis shows the position of variants across this chromosomal region, and the Y-axis shows the negative log of p-values for association with each variant. The color of the dots show the linkage disequilibrium values (r 2 ) with the index variant (rs72657934). We performed conditional analyses on selected variants to test for independence of the association with rs72657934 in COL4A2.
Conditioning on rs3742207 (Gln1134His) or rs1562173 (our top hit in COL4A1) did not weaken p-values for rs72657934 (p = 4.7 × 10 −6 and p = 4.2 × 10 −6 , respectively), indicating that association with our top significant variant (rs72657934) is independent of previously identified GWAS variants. We also used gene-based analysis for low frequency and rare variants (MAF < 0.05) in the 60 CAD GWAS genes. Table 5 shows the top results for CMC and SKAT gene-based analyses in 60 CAD genes.
Discussion
Previous studies have identified genes containing variants that are associated with clinical CAD, yet the major portion of CAD genetic heritability remains to be explained 2 . In this study, we are using PDAY for genetic studies to reduce the phenotypic heterogeneity inherent in clinical CAD, and to provide quantitative measures of subclinical CAD (raised atherosclerotic lesions) that accumulate over time and can eventually result in clinical CAD. We performed whole exome sequencing in 626 controls and 359 cases with raised lesions as directly measured by pathologists in arterial specimens in the PDAY study ( Table 1 ). The whole exome sequencing strategy was to sequence PDAY cases and controls for coding regions in the genome to identify DNA variants that could alter functional properties of proteins (amino acid substitutions). We also isolated proximal promoter regions to identify DNA variants that could alter regulation of gene expression across the genome. After sequencing, we used single variant statistical analysis for relatively common genetic variants (minor allele frequency >0.01) across the exome to identify associations with arterial raised lesions. However, we did not identify any variants that achieved exome-wide significance after adjustments for multiple testing (Fig. 1 , Table 2 ). This result may reflect a truly polygenic basis of inheritance for atherosclerosis, with contributions from large numbers of genes each with only small additive effects. This polygenic basis may mean that only very large studies would have sufficient statistical power to achieve exome-wide significance after correction for multiple testing in association tests. We also performed gene-based analyses (CMC and SKAT) for low frequency and rare variants with MAF < 0.05, but did not identify genes that reached the threshold for exome-wide significance after correction for multiple testing (Table 3 ). This result indicates that rare variants may not exert strong genetic effects on atherosclerosis, a finding that is now being reported by large scale whole exome and whole genome sequencing projects for other complex diseases liked type 2 diabetes 8 .
In addition to standard whole exome sequencing, we used custom probes to capture genome-wide proximal promoter regions (200 bp upstream). However, single variant analysis of promoter regions did not find strong evidence for associations ( Supplementary Figure 2 ). An exception is VAX2 that showed associations in gene-based analysis (CMC and SKAT) only with inclusion of a rare variant in the promoter region (Table 3 ). VAX2 on chromosome 2 encodes Ventral Anterior Homeobox 2, a transcription factor involved in eye and forebrain development that is also expressed in cardiac and arterial tissues 9, 10 . The VAX2 transcription factor is a dominant/ negative regulator of expression of Wnt signaling antagonists like TCF7L2 10 . Therefore, VAX2 would likely act to regulate gene expression in atherogenesis via pathways like Wnt signaling, rather than as a structural protein in lesion development. Interestingly, TCF7L2 has been associated with Type 2 diabetes in several GWAS, and was subsequently found to be associated with CAD severity in diabetic and non-diabetic subjects 11 . Wnt signaling is involved in heart valve development, regulating genes from osteogenesis pathways that are also important in coronary artery calcification 12 . Perhaps VAX2 is also involved in development of other anatomic structures like the arterial wall. Our results suggest that the significant gene-based association for VAX2 relied on inclusion of rs557150817 (C/A) in the upstream promoter region. The rare A variant was found in 8 cases and one control. This variant may alter VAX2 expression via disruption of transcription factor binding sites located in this region (Egr1 and SP1), potentially altering expression of downstream targets of VAX2 transcription factor activities.
We also performed separate analyses of CAD genes identified in GWAS that tested millions of variants across the genome with much larger numbers of subjects than our current study 2 . These genes have shown consistent and replicable associations with CAD in GWAS of many different cohorts. We found that variant rs72657934 in COL4A2 (intron 20) was prominent in common variant analysis as shown in the Q-Q plot (Fig. 2, Table 4 ), exceeding the significance threshold for this separate analysis (p < 4 × 10 −5 , after Bonferroni correction for 1,667 variants). This COL4A2 variant also showed the second lowest p-value in exome-wide single variant analysis (Table 2) . Interestingly, we found associated variants in COL4A1, including a missense variant (rs3742007) that causes Gln to His substitution at amino acid position 1134 (Table 4 ). This missense variant has shown associations with myocardial infarction in Japanese subjects 13 , and arterial stiffness in Sardinian subjects 14 . Associations of COL4A1/COL4A2 reported from meta-analysis of GWAS for coronary artery calcification are of special interest since these genes also showed associations with myocardial infarct in contrast with most other loci associated with coronary artery calcification 15 . Our top hit among CAD GWAS genes (rs72657934) appears to act independently in single variant tests, since conditional analysis with other variants in COL4A1/COL4A2 did not decrease the significance levels for rs72657934 associations. Furthermore, linkage disequilibrium does not appear to be responsible for rs72657934 associations, since linkage disequilibrium values are low among the COL41/ COL4A2 variants as shown in the regional plot (Fig. 3 ).
The COL4A1/COL4A2 genes are situated head-to-head on chromosome 13, and share the same promoter elements (Fig. 3) . These genes encode type IV collagen alpha subunits that interact to form triple helices that are major constituents of basement membranes in many tissues, including vascular tissues. Potential functional mechanisms for effects of COL4A1/COL4A2 variation have been demonstrated in a recent study of rs3742207 in intron 3 (A/G) that showed association with CAD in GWAS but that was not captured in our whole exome sequencing 2 . Primary cultures of vascular smooth muscle cells and endothelial cells showed the G allele was associated with lower expression levels of both COL4A1 and COL4A2 due to lower transcriptional activity 16 . In addition, primary smooth cells from GG homozygotes had higher rates of apoptosis and lower amounts of collagen IV, as well as thinner fibrous caps that are typically found in plaques prone to sudden rupture. In the current study, the minor rs72657934 A allele was associated with raised lesions (beta = 0.169, Table 4 ). Although the potential function of this variant is not known, its location in a noncoding region (intron 20) suggests effects on gene expression rather than alteration of protein structure. The previous functional study of rs3742207 suggests that amounts or proportions of type 4 collagen chains can affect pathophysiological attributes of atherosclerotic lesions. It should be noted that type IV collagen also has non-structural properties potentially involved in atherosclerosis. In vitro studies have shown that canstatin, the non-collagenous 1 domain of the alpha-2 chain, can inhibit proliferation of endothelial cells and induce apoptosis 17 .
In addition, we performed separate analyses to investigate rare variants that may underlie associations of CAD genes but that were not included in GWAS with common variants. The results differed between CMC and SKAT analyses, with lower p-values emerging from CMC. Our top gene from CMC was NBEAL1, a gene that showed associations in the previous NHLBI Exome Sequencing Project 5, 18 . In meta-analysis of GWAS, WDR12 located adjacent to NBEAL1 showed significant associations with CAD. A subsequent study showed WDR12 contains a major e-QTL for NBEAL1 expression in aortic media 19 . Our gene-based analysis (CMC) of WDR12 also showed associations with raised lesions, although p-values did not reach statistical significance. NBEAL1 is comprised of 25 exons spanning chromosome 2q, and encodes the neurobeachin-like 1 protein that was first isolated from a brain cDNA library 20 . NBEAL1 is highly expressed in glioma, with potential involvement in membrane-processing signals. NBEAL1 also is expressed in heart and artery, but little is known about any functional role in these tissues. The distribution of rare variants did not offer any substantive clues concerning their functional effects, since potentially deleterious variants were found among both cases and controls.
While the PDAY study provides direct measurements of atherosclerosis in arterial specimens, the unique nature of these measures hinders direct comparisons of our results with other cohorts. Therefore, we have compared our results with genetic studies of clinical sequelae of atherosclerosis like myocardial infarct and early onset myocardial infarction, and other subclinical measures such as coronary artery calcification. Interestingly, of the 60 CAD genes identified by meta-analysis of GWAS, we only found significant association with COL4A1/ COL4A2 encoding alpha-1 and alpha-2 subunits of type IV collagen. Perhaps the effects of COL4A1/COL4A2 variation occur early in development of atherosclerosis, setting the stage for effects of other genetic variants in subsequent phases of atherogenesis.
In summary, we used whole exome sequencing of PDAY cases with raised atherosclerotic lesions and controls, but did not find novel associations with exome-wide significance for either common variants with MAF > 0.01 or low frequency and rare variants with MAF < 0.05. This result may be due to a truly polygenic basis of inheritance for atherosclerosis, requiring very large studies to achieve exome-wide significance for multiple variants with only small additive effects. Addition of proximal promoter regions to coding sequences did not substantially alter our findings, except for VAX2 that showed associations in gene-based analysis only with inclusion of the promoter region. In separate analyses of 60 CAD genes identified by meta-analysis of GWAS, we confirmed previously reported associations only with common variants in COL4A1/COL4A2 on chromosome 13. Likewise, in rare variant analysis of CAD genes, we found associations with NBEAL1 on chromosome 2 that was initially detected by GWAS associations with WDR12 that contains an e-QTL for NBEAL1 expression in aortic media, and that was independently identified in gene-based analyses from the NIH Exome Sequencing Project for early onset myocardial infarction 5, 18 . These data emphasize the potential causal contributions of genetic variation in NBEAL1 and COL4A1/COL4A2 to the pathogenesis of premature atherosclerosis.
Methods
Study Subjects. Cases and controls were selected from autopsied PDAY subjects (15-34 years of age) who died of non-CAD related causes such as accident, homicide, and suicide. The subjects included male and female European Americans and African Americans ( Table 1 ). The 359 cases were selected according to the highest total raised lesion scores determined by the sum of percentages of surface involvement in raised lesions from thoracic and abdominal aorta, and coronary arteries as previously described 21 . The 626 controls were selected from PDAY subjects with no arterial raised lesions with frequency matching for age, race, and gender. All methods and experimental studies were carried out in accordance with relevant guidelines and regulations after approval by the Committee for the Protection of Human Subjects (IRB) at the University of Texas Health Science Center at Houston. The PDAY subjects were not consented since the post-mortem samples were collected at autopsy by County Coroners' Offices after death due to external causes (homicide, suicide, accident) 21 .
Measures of Arterial Atherosclerosis. Arterial trees from PDAY subjects were collected at autopsy and treated with Sudan IV that stains lipids on the arterial surface. The percentage of involvement of arterial surfaces with fatty streaks and raised lesions was estimated by averaging independent values from three pathologists as previously described 21 . Whole exome sequencing. Genomic DNA samples were purified from archived PDAY liver tissues using an automated paramagnetic bead based extraction system (Promega Magnasil). The genomic DNA samples were used for exome capture with TargetSeq reagents (Life Technologies, Inc.) based on high density oligonucleotide hybridization of GENCODE annotated coding exons, NCBI CCDS, exon flanking sequences (including intron splice sites), small non-coding RNAs (e.g., microRNAs) and a selection of miRNA binding sites. We also designed custom probes to capture promoter regions located within ~200 bp upstream from transcriptional start sites that typically contain the majority of transcription factor binding sites 4 . These custom capture probes included proximal promoter regions for 18,661 genes after excluding pseudogenes, unidentified LOC genes, repetitive non-coding RNAs (tRNAs, ribosomal RNAs), and intractable repeat regions (polynucleotides and Alu repeats). After capture, we used automated library construction (AB Library Builder, Life Technologies, Inc.) with addition of barcodes for multiplexed sequencing. We began sequencing with the oligonucleotide ligation-based SOLiD 5500xl platform (Life Technologies, Inc.) that performs massively parallel sequencing of individual DNA molecules amplified on beads affixed to glass slides (288 subjects). For the remaining 697 subjects, we used the Ion Proton platform (Life Technologies, Inc.), based on proton assays for polymerase sequencing of individual DNA molecules in wells of modified semiconductor chips. For both platforms, we sequenced each case with their corresponding controls in the same sequencing run (SOLiD slide, Proton chip). We constructed BAM files (CUSHAW for SOLiD, tmap1 aligner for Proton) for variant calling using Freebayes algorithms, and annotated the resulting VCF files using VEP. We created a single VCF by merging the calls from each sequencing platform, and filled in the reference sequences (non-variable positions) using a jointly called VCF from the two platforms.
Statistical Analysis. For all association analyses, we used linear mixed-model analyses from the EPACTS software pipeline (http://genome.sph.umich.edu/wiki/EPACTS) to adjust for population stratification and to minimize batch effects from sequencing platforms by calculating the kinship matrix between samples from the exome VCF file. EPACTS supports linear mixed-model based tests for both single variant tests (common variants) and gene-based tests (low frequency and rare variants). Age, gender, and race were used as covariates in all statistical tests. First, we evaluated association signals of individual common variants with minimum minor allele frequencies (MAF) of 0.01 and with minimum minor allele count of 5. We used the 'q.emmax' test in the EPACTS pipeline, which is an implementation of the linear mixed-model 22 . We treated case/control status as a quantitative trait after adjusting for covariates. We then tested associations of low frequency and rare variants (MAF < 0.05) using mixed-model gene-based tests to find whether functional rare variants in each gene are jointly associated with the phenotype. Variants were annotated by Variant Effect Predictor (VEP) 23 with gene symbols and functional effects, and only missense, nonsense, and splice variants with MAF less than 0.05 were included in the gene-based tests. We used two different EMMAX-based rare variant tests: the collapsing test (emmaxCMC) and the kernel-based test (mixed model SKAT) to test different hypotheses. The collapsing test assumes all functional rare variants in the gene would have effects of the same direction 6 , while the kernel-based test assumes that each variant can have either positive or negative effect to the phenotype 7 . Single-variant and gene-based test results were then sub-selected using the list of candidate genes from CAD GWAS 2 . For single-variant results, we also ran conditional analysis to evaluate dependence of our top hit from the candidate region (rs4773144) to known GWAS variants in COL4A1/COL4A2. All statistical tests used Bonferroni corrections to account for multiple testing.
